Introduction
============

Black shale, the subject of this article, is a dark-colored muddy sedimentary rock that is substantially enriched in organic matter. Depending on the grade of thermal maturity, black shales are often referred to as sapropel, bituminous shale, or oil shale. This type of sediment has been deposited widely around the world and intermittently in Earth's history from the Archaean to the Holocene (Fig. [1](#fig01){ref-type="fig"}).^[@r01]--[@r04])^ Such sediments are important from both a geological and economic point of view, because they are source rocks for petroleum and natural gas and are exploited worldwide.^[@r05],[@r06])^ In other words, natural products derived from black shales support modern civilization and society. Furthermore, some black shales are enriched in trace metals such as vanadium, nickel, uranium, copper, and zinc, and so have often been regarded as ore deposits.^[@r07])^ Although the origin of black shales has been discussed for over a century,^[@r08]--[@r10])^ developments in analytical instruments and inorganic and organic geochemical techniques over the past few decades have greatly advanced research into this topic.^[@r11])^

Of the various black shales, those of the Cretaceous Period (145 to 65 million years old) have been studied most intensively. These Cretaceous black shales are characterized by episodic, contemporaneous deposition in a wide range of oceanic settings. The black shales deposited in the early Aptian around 120 million years ago, and at the Cenomanian-Turonian boundary around 94 million years ago,^[@r02],[@r05],[@r12]--[@r14])^ have a global distribution and an extraordinarily high organic carbon content. These intervals of black shale deposition are often referred to as Oceanic Anoxic Events (OAEs) 1a and 2, respectively.^[@r02],[@r09],[@r15])^ These intervals are considered to be representative of times of black shale formation during Earth history.

The stratigraphic framework of these OAEs was originally constructed from field observations of on-land geology during the early phase of OAE investigation.^[@r09],[@r16])^ Since the 1970s, the Deep Sea Drilling Project (DSDP) and the subsequent scientific ocean drilling programs (the Ocean Drilling Program, Integrated Ocean Drilling Program, and International Ocean Discovery Program) have played crucial roles in the study of Cretaceous OAEs by supplying relatively fresh samples of black shale from previously unsampled ocean basins.^[@r10])^ Stratigraphic and micropaleontological studies have revealed the widespread occurrence of Cretaceous black shales in the Atlantic and Indian oceans, as well as on topographic highs in the Pacific Ocean. Furthermore, geochemical investigations of these black shales have provided high-quality evidence for their origin, leading to rapid progress in our knowledge of the Cretaceous OAEs over the last few decades.

Over the past two decades, the present authors have been studying the geochemistry of several black shales including the Livello Bonarelli and Livello Selli shales, which were deposited in a pelagic setting in the western Tethys during OAE 1a and OAE 2, respectively. These black shales are easily sampled, because they crop out widely in the central Apennine (Marche-Umbrian Apennines), Italy. Fortunately, they are relatively immature,^[@r17])^ and thus can be used in detailed studies testing various methods to reconstruct the oceanic environment at the time of their formation. In this article, we review recent progress in our understanding of the origin of black shales, particularly of surface ocean biogeochemistry during black shale formation and the triggers for these events.

Cretaceous oceanic anoxic events (OAEs)
=======================================

Full descriptions of all aspects of black shales are outside the scope of this article. Nevertheless, in this section we provide a brief overview of the geological and geochemical features of black shales, especially those formed during the Cretaceous Period, as an introduction to the topic. In Cretaceous black shales, organic carbon is noticeably (one or two orders of magnitude) concentrated relative to adjacent sediments. To our knowledge, the maximum content of organic carbon in Cretaceous black shales is more than 50%, which was observed at DSDP site 367 in the Cape Verde Basin, off northwest Africa.^[@r18])^ In that example, the organic matter probably constitutes 70% or more of the sediment. How can such organic-rich sediments be formed on the pelagic seafloor? As such carbonaceous sediments have not been observed in any modern oceanic environments, obviously, in this case, the present cannot be the key to the past.

During the Cretaceous Period, black shale deposition occurred mainly during the early Aptian and around the Cenomanian--Turonian boundary. The deposition of carbonaceous sediment in these periods is also suggested by the secular variation in the stable carbon isotopic record (*i.e.*, ^13^C/^12^C ratio) of sedimentary carbonate and organic matter, which primarily reflects the ratio of the dissolved CO~2~ in the surface ocean. During these two intervals of black shale deposition, carbon isotopic record shows gradual ^13^C enrichment, which is believed to be the consequence of an elevated burial rate of ^13^C-depleted organic matter in the sediment.^[@r19]--[@r24])^ This chemical signal has also been used as a correlation tool for Cretaceous sediments.^[@r16],[@r25]--[@r28])^ However, detailed observations in the field and of sediment cores have suggested that at least five other Cretaceous horizons also contain carbonaceous black shales.^[@r12],[@r14],[@r29]--[@r32])^ These intervals may reflect events that were confined to certain regions. However, the geographic extent of these black shale deposition events is still unknown.

Figure [2](#fig02){ref-type="fig"} shows the geographical distribution of OAE 2 black shales. It should be noted that black shale deposition took place even in polar regions such as the central Arctic, although they are of Campanian--Maastrichtion age.^[@r33],[@r34])^ In some oceanic regions, the deposition of the black shale seems not to be confined only to the time interval of OAE 2 at the C--T boundary, but also occurred long before the typical OAE period.^[@r14])^ The regions include the Demerara Rise,^[@r35],[@r36])^ the western Venezuela coast,^[@r37])^ the proximal part of the Tarfaya coastal basin in Morocco,^[@r38])^ and the western interior seaway of the U.S.A.^[@r39],[@r40])^ During OAE 2, up to 25% of marine invertebrate species became extinct.^[@r41],[@r42])^

It has been suggested that in the Cretaceous, the surface ocean temperature increased to 35 ℃ in low-latitude regions,^[@r43])^ and to 20 ℃ or higher in polar regions.^[@r21],[@r34])^ Based on model simulations, such high temperatures have been explained by either paleogeographic controls such as topography and continental positioning,^[@r44])^ or the greenhouse effect caused by the high (up to 4500 ppmv) atmospheric CO~2~ concentration.^[@r45],[@r46])^ Various types of geochemical evidence also suggest that the Cretaceous atmosphere was enriched in CO~2~ relative to the present atmosphere, although the range of reconstructed *p*CO~2~ is highly variable.^[@r47]--[@r49])^

It is obvious that the oceanic setting at the time of black shale formation was anoxic; hence the expression "Oceanic Anoxic Event" was introduced to denote the events in the mid-1970s.^[@r09])^ Sedimentologically, the presence of fine laminae in black shale is a smoking gun of bottom-water anoxia (Fig. [1](#fig01){ref-type="fig"}).^[@r50])^ Fine laminae in black shale indicate a lack of bottom-dwelling organisms, suggesting that the seafloor was covered by O~2~-deficient water. Geochemically, the sulfur isotopic record (*i.e.*, the ^34^S/^32^S ratio) provides crucial evidence for this. Sulfur is a redox-sensitive element, and is reduced from sulfate (oxidation state: +6) to sulfide (−2) in an anaerobic environment. The sulfur isotopic record indicates a rapid ^34^S-enrichment shift across the OAE 2 black shale, suggesting the existence of a large anoxic water body that led to precipitation of an appreciable amount of ^34^S-depleted iron sulfides (mainly pyrite, FeS) from the ocean inventory.^[@r51]--[@r53])^ Simple one-box model simulations have suggested that the amount of sulfur removed from the oceanic reservoir during OAE 2 accounted for between 5% and 27% of the ocean reservoir.^[@r51],[@r53])^

During the OAEs, the anoxic water body often expanded and invaded the lower part of the photic zone. This consideration is based on organic geochemical evidence including the presence of isorenieratane^[@r54])^ and geoporphyrins with carbon numbers greater than 34 in the black shales.^[@r55],[@r56])^ These compounds are diagenetic derivatives of photosynthetic pigments, isorenieratene and bacteriochlorophylls *e*, respectively, from obligately anaerobic green sulfur bacteria. These green sulfur bacteria use hydrogen sulfide rather than water as an electron donor during photosynthesis, and thus inhabit strictly anaerobic environments.

There is a long-standing controversy regarding the formation mechanism of black shale. Since 1990, one of the highlighted discussions has been a dualism: productivity *vs.* anoxia.^[@r57],[@r58])^ Some researchers believe that the high organic matter content in black shales can be ascribed primarily to the elevated preservation efficiency of organic matter in the ocean, which was directly caused by oxygen deficiency resulting from seawater stagnation.^[@r59])^ In contrast, others have stressed the importance of elevated primary productivity in the surface ocean, which eventually causes the deep ocean to become anoxic.^[@r57])^ However, this discussion focuses on only a single aspect of black shales, their elevated organic matter content, rather than explaining the various features inherent in the black shales. Below, we shed light on other features of black shales that provide some hints for solving the mystery of their formation mechanism.

Bulk geochemical and morphological features of organic matter in Cretaceous black shales
========================================================================================

We begin the discussion with the "bulk issue". One of the conspicuous, but often overlooked characteristics of the organic matter in black shales is that these rocks are considerably enriched in carbon relative to nitrogen. The carbon to nitrogen (C/N) weight ratio of organic matter deposited on the modern pelagic seafloor is generally between 5 and 10, primarily reflecting the Redfield ratio (*ca.* 8). Although microbial and chemical processes in the water column and sediments significantly modify the chemical structure of sedimentary organic matter, marine geologists have empirically been aware that the C/N ratio is a *relatively* conservative number even over geological timescales. Notably, most black shales have C/N ratios greater than 20, sometimes more than 50. These values are much higher than both the Redfield ratio and the ratios of normal pelagic sediments, even though black shales were deposited in pelagic settings in many cases (Table [1](#tbl01){ref-type="table"}). Black shales generally exhibit a strong contrast to adjacent sediments that do not have such an elevated C/N ratio. The anomalously high C/N ratio in black shales has been explained by either the unusual and selective removal of nitrogen relative to carbon during diagenesis, or elevated input of terrestrial organic matter.^[@r60])^ However, neither explanation has been supported by convincing evidence so far.

We used scanning electron microscope coupled with energy dispersive X-ray spectroscopy (SEM-EDS) to study the morphology of organic matter in black shales.^[@r61])^ SEM-EDS is useful both for identifying the mineral phases making up sediment and for rough estimation of the C/N ratio of organic particles within the sediment (Fig. [3](#fig03){ref-type="fig"}). Based on our observations, organic matter in black shale is generally present as particles and fragments that are a few to a few tens of micrometers in diameter. These organic particles have variable shapes, but can be roughly categorized into three types: flat-shaped material 5--20 µm in diameter and less than 1 µm in thickness; fragmentary material with many spores; and sack-shaped material with a diameter of around 10 µm, commonly containing large pyrite crystals. To our surprise, we found that an appreciable fraction of these organic particles, particularly the sack-shaped organic matter, contains little nitrogen, resulting in extremely large values of the C/N ratio.^[@r61])^ This evidence strongly suggests that the elevated C/N ratio of bulk black shale can be explained by a significant input of nitrogen-depleted organic particles to the black shale, rather than by selective removal of nitrogen during diagenesis. Structural components of terrestrial vascular plants such as lignin and cellulose, have a fairly large C/N ratio. However, close examination of SEM images indicated that the nitrogen-depleted sack-shaped organic particles are not typical tree fragments or pollen (Fig. [3](#fig03){ref-type="fig"}). Sedimentological evidence suggests that the Tethyan black shales generally contain little terrigenous admixture.^[@r02])^ Furthermore, the Bonarelli black shale was deposited in a pelagic setting with an estimated mean sedimentation rate of as low as 1 to 3 mm kyr^−1^, suggesting only a minor contribution of allochthonous material.^[@r51],[@r62])^ The organic matter in the black shales was produced mainly in the ocean, and must *originally* have had a high C/N ratio.

Evidence from isotopic composition of geoporphyrins
===================================================

What is the high-C/N organic matter produced in the ocean? Most bulk nitrogen isotopic records have suggested that N~2~-fixers (*i.e.*, diazotrophs) are important contributors, because they are mostly confined in a typical range of N~2~-fixation (δ^15^N = −2‰ to 0‰).^[@r17],[@r63],[@r64])^ Here, δ denotes isotopic abundance and is defined by δ ≡ 10^3^ \[*R*~sample~/*R*~standard~ − 1\], where *R* = ^15^N/^14^N and the standard is atmospheric N~2~ (AIR). The isotopic signature of sedimentary bulk nitrogen has been known to be complicated by the contribution of inorganic nitrogen^[@r65])^ and by post-depositional processes within the sediment.^[@r66])^ To circumvent this concern, several groups have explored the isotopic composition of a series of sedimentary organic molecules called geoporphyrins in the Bonarelli and Selli black shales.

Geoporphyrins are molecules that have characteristic tetrapyrrole macrocyclic structures substituted with various alkyl chains. They are generally complexed with metal ions such as vanadium oxide (as VO^2+^), nickel (as Ni^2+^), or iron (as Fe^2+^). The basic structure of geoporphyrins, especially those with an exocyclic ring in the southern part of the molecule, is strongly suggestive of origin from chlorophylls and bacteriochlorophylls, which are major photosynthetic pigments of photoautotrophs. Therefore, organic geochemists have long regarded geoporphyrins as excellent molecular markers for photosynthetic organisms in the surface water.^[@r67]--[@r69])^

Figure [4](#fig04){ref-type="fig"} shows a typical chromatogram of the Ni-chelated geoporphyrin fraction extracted from the Bonarelli and Selli black shales.^[@r56],[@r70])^ Although the fraction is a mixture of variable geoporphyrins with carbon numbers mainly between 28 and 33, deoxophylloerythroetioporphyrin (DPEP, C~32~) is the most abundant species. DPEP is one of the most abundant geoporphyrins in various organic-rich sediments.^[@r68],[@r71])^ The chemical structure of DPEP indicates that it can potentially be derived from various types of chlorophyll. However, in practice, it represents chlorophyll *a*, which is a widespread antenna pigment relative to other chlorophylls and is quantitatively the most predominant chloropigment produced by virtually all of the oxygenic photoautotrophs. In the modern ocean, chlorophylls *c* are the second most important chlorophyll, and are produced by various algae including diatoms, coccolithophorids, and dinoflagellates. Chlorophylls *b* and *d* have a limited distribution in oceanic photoautotrophs,^[@r72])^ whereas the newly discovered chlorophyll *f* appears to be also limited to particular cyanobacteria.^[@r73])^ The consideration that the DPEP originates from chlorophyll *a* is consistent with it being the most abundant geoporphyrin species in most geological samples.^[@r68],[@r69],[@r74])^

The isotopic record of geoporphyrins has long been considered to be a powerful tool for reconstructing the carbon and nitrogen cycles of surface water from the geological past.^[@r75]--[@r77])^ However, application of this method to geological samples is limited due to the difficulties of isolating geoporphyrins from complex mixtures of organic matter in sediment, and of measuring isotopic compositions of trace amounts of sedimentary geoporphyrins. To overcome these issues, we developed a method for isolating and purifying geoporphyrins from the complex mixture of organic molecules in black shale using high-performance liquid chromatography,^[@r78])^ and improved the sensitivity of the elemental analyzer/isotope-ratio mass spectrometer (EA/IRMS) system by optimization of the elemental analyzer hardware.^[@r79])^ We successfully determined the nitrogen isotopic composition of geoporphyrin samples as small as 1 µg (equivalent to *ca.* 100 ngN) with a sufficiently small error. Another group developed a method of determining the nitrogen isotopic composition of bulk geoporphyrins (rather than single geoporphyrin species) after they were transformed to nitrous oxide.^[@r80])^

As shown in Fig. [5](#fig05){ref-type="fig"}, the nitrogen isotopic composition of most geoporphyrins isolated from the Bonarelli black shale is around −5‰.^[@r56],[@r70],[@r81])^ At Demerara Rise, the nitrogen isotopic composition of total geoporphyrins is in the range −7‰ to −4‰.^[@r82])^ Investigations of modern aquatic algae have indicated that chlorophylls *a* and *b* are 4‰ to 5‰ depleted in ^15^N relative to the whole cell.^[@r70],[@r83],[@r84])^ Applying this value to our results, the nitrogen isotopic composition of the phototrophic cell was estimated to be slightly more negative than 0‰. Such isotopic evidence suggests that the nitrogen within geoporphyrins was assimilated originally through the N~2~-fixation process, under the assumption that the nitrogen isotopic composition of the Cretaceous atmosphere was the same as that of today. Biological N~2~-fixation in aquatic plants is a process in which dissolved N~2~ gas is transformed to ammonium by the action of the enzyme nitrogenase. We know empirically that the isotopic fractionation associated with biological N~2~-fixation is very small (α = 1.000--1.002; α ≡ *R*~reactant~/*R*~product~).^[@r85]--[@r88])^

The carbon isotopic composition of geoporphyrins is consistent with cyanobacteria being the source of organic matter. There is a clear positive δ^13^C excursion, confirming the general trend observed in the bulk carbon isotopic record (Fig. [6](#fig06){ref-type="fig"}). The geoporphyrins are enriched in ^13^C by about 6‰ relative to the bulk organic matter, and by about 10‰ relative to lipid compounds such as fatty acids (derived from most organisms including bacteria) and sterols (that are never produced by cyanobacteria) from the same horizons.^[@r89])^ Such ^13^C-enrichment in geoporphyrins can be explained mainly by the active transport of bicarbonate ions across the plasma membrane during carbon assimilation.^[@r56])^ This β-carboxylation produces organic matter somewhat enriched in ^13^C relative to that produced by the passive transport of CO~2~.^[@r90])^ The variable contribution from the β-carboxylation process potentially explains a the large (*ca.* 7‰), variable magnitude of the carbon isotopic difference observed in geoporphyrins between samples obtained from Italy and the U.S.A.^[@r91])^

In the ocean, N~2~-fixation is mediated only by prokaryotic photoautotrophs including cyanobacteria and photosynthetic bacteria. As chlorophyll *a* is the most likely source of geoporphyrins in the Bonarelli and Selli black shales, we concluded that N~2~-fixing cyanobacteria were major primary producers during times of black shale formation. Except for some groups, the diazotrophic (*i.e.*, N~2~-fixing) cyanobacteria have specialized cells called heterocysts only where fixation of gaseous nitrogen is conducted under aerobic conditions. As free oxygen deactivates the nitrogenase, the cell wall of the heterocyst is made of a thick and densely laminated glycolipid layer with a thin polysaccharide layer on the outer surface to prevent diffusion of oxygen into the cell.^[@r92])^ These glycolipids and polysaccharides lack nitrogen, and the dense structure of the cell wall is resistant to microbial attack; consequently, they could potentially be long preserved in the sediments. Our speculation is that the nitrogen-depleted organic particles observed in the black shale (Fig. [3](#fig03){ref-type="fig"}) might have been derived from the cell walls of the heterocysts of diazotrophic cyanobacteria.

Analysis of cyanobacterial slurry from a highly eutrophic lake and recent laboratory culture experiments on cyanobacteria have indicated that chlorophyll *a* is often ∼10‰ *enriched* in ^15^N relative to the whole cell.^[@r93],[@r94])^ Had this enrichment occurred, the δ value of whole cell of cyanobacteria should have been approximately −15‰ when the black shale was formed. Higgins *et al.* (2012) interpreted the nitrogen isotopic record of the total geoporphyrins under this assumption, and concluded that the diazotrophs constitute only 20% of primary production.^[@r82])^ In our study, we measured the nitrogen isotopic compositions of not only DPEP derived from chlorophyll *a*, but also 17-nor-DPEP derived from chlorophyll *c* produced only by algae (*i.e.*, eukaryotes). These two porphyrins have similar isotopic compositions (Fig. [5](#fig05){ref-type="fig"}; mean values: δ^15^N~DPEP~ = −5.1‰; δ^15^N~17-nor-DPEP~ = −4.9‰). If Higgins' interpretation is correct, DPEP should be ∼3‰ enriched in ^15^N relative to 17-nor-DPEP. We speculate that the cyanobacteria cultured in the nutrient-rich media has distinctively different physiology from those grown in the nutrient-depleted natural pelagic environment.^[@r95])^ Our recent study conducted in subtropical Pacific Ocean where N~2~-fixers constitute a major fraction of the primary producers, chlorophyll *a* is ∼1‰ *depleted* in ^15^N relative to POM, which is hard to be explained by 10‰ ^15^N-enrichment in chlorophyll *a* (C. Yoshikawa, N. O. Ogawa, and N. Ohkouchi, unpublished results). Further investigation of the effect of cyanobacterial physiology on intracell ^15^N distribution is required to resolve this basic issue.

Diatom-diazotrophic cyanobacteria association as a major photoautotroph
=======================================================================

Diazotrophic cyanobacteria are considered to have been major primary producers in the ocean during the Cretaceous OAEs, and thus the organic matter contained in the black shales should have originated mainly from cyanobacteria.^[@r17],[@r35],[@r63],[@r70])^ To our knowledge, as early as 1970, Bradley suggested that cyanobacteria were the dominant source of organic matter based on extensive descriptive studies of the Green River Formation, an oil shale that was deposited in the middle Eocene.^[@r96])^ The cyanobacteria are a diverse group of gram-negative prokaryotes that perform photosynthesis. Many, though not all, cyanobacteria have the ability to fix N~2~ under aerobic conditions.^[@r97])^ Diazotrophic (*i.e.*, N~2~-fixing) cyanobacteria are major primary producers in the modern tropical and subtropical ocean. The genera *Trichodesmium*, *Synechococcus*, and *Richelia* have frequently been observed as extensive blooms in the surface waters of the oligotrophic ocean where the seawater temperature of the surface mixed layer is generally higher than 25 ℃.^[@r98]--[@r100])^

The ecology of these planktonic cyanobacteria remains largely unknown, and the factors controlling cyanobacterial blooms have been a matter of debate.^[@r101])^ However, the availability of micronutrients such as iron is potentially a limiting factor for the formation of cyanobacterial blooms.^[@r102],[@r103])^ Growth and reproduction of diazotrophic cyanobacteria require large amounts of the micronutrients such as iron and molybdenum because the nitrogenase contains up to 36 iron and 2 molybdenum atoms in a single enzyme to facilitate electron transfer reactions.^[@r104])^ Therefore, input of these elements from the atmosphere may play a key role in controlling the production rate of diazotrophic cyanobacteria in the pelagic ocean.

Furthermore, the physical stability of the water column appears to be an essential factor for the establishment of marine cyanobacterial blooms, based on both field observations and laboratory experiments. When the upper water column is strongly stratified, nutrient renewal to surface waters through vertical mixing should be suppressed, thereby restricting the growth of various algae that are ecological competitors of cyanobacteria through limitation of nutrients such as nitrate. Moreover, planktonic cyanobacteria are known to regulate their buoyancy using gas vesicles, and without these gas vesicles they will settle out of suspension.^[@r105])^ Therefore, flotation of buoyant cyanobacterial cells is favored in calm conditions, when populations of planktonic cyanobacteria may accumulate in blooms in the surface water.

Several studies have detected biomarkers that are produced abundantly by cyanobacteria in black shales. It has been known that some but not all groups of cyanobacteria synthesize 2-methyl hopanoids as membrane reinforces.^[@r106])^ Several recent studies have detected derivatives of these biomarkers in black shales associated with OAE 1a and OAE 2 from both the North Atlantic and Pacific oceans and concluded that cyanobacteria could have been significant contributors to the black shales.^[@r107],[@r108])^

In the Bonarelli black shales, abundant 17-nor-DPEP (Fig. [4](#fig04){ref-type="fig"}), a derivative of chlorophylls *c*~1~--*c*~3~,^[@r109])^ was also observed.^[@r110])^ Surprisingly, the nitrogen isotopic composition of 17-nor-DPEP is also in the range of N~2~-fixation (Fig. [5](#fig05){ref-type="fig"}). Chlorophylls *c* are produced only by algae (*i.e.*, eukaryotes), including diatoms and dinoflagellates, but not prokaryotes such as cyanobacteria, whereas N~2~-fixation is an exclusively prokaryotic metabolic process. To resolve this apparent contradiction, it has been proposed that a symbiotic association of diazotrophic cyanobacteria and algae is an important primary producer.^[@r110])^ This symbiosis is widespread in the modern nitrate-depleted ocean. In the present-day ocean, symbiosis between diatoms and cyanobacteria is widely observed, and the association often forms extensive blooms. For example, a bloom of the *Hemiaulus--Richelia* association was observed in the Amazon River plume in the western tropical Atlantic Ocean.^[@r111])^ New nitrogen entering the photosynthetic system in such oceans is largely derived from cyanobacterial N~2~-fixation, with a lesser contribution from nitrate flux from the subsurface water. Furthermore, the diatom *Rhizosolenia* is known to associate with the diazotrophic cyanobacterium *Richelia intracellularis*.^[@r112])^ In black shales formed during the latest Cretaceous that were recovered from the central Arctic, shells of the diatom genera *Hemiaulus* and *Rhizosolenia* were abundant.^[@r113])^ Highly-branched isoprenoids that are produced only by *Rhizosolenia*^[@r114])^ were also plentiful in the same sediment.^[@r34])^ Furthermore, in late Quaternary Mediterranean sapropels, a recent analogue of black shales, a detailed micropaleontological study indicated that the most abundant fossil within the sapropels was *Rhizosolenia*.^[@r115])^ These pieces of evidence indicate that the diatom--cyanobacteria endosymbiosis played an important role in oceanic primary production during black shale formation. If this was also the case for other black shales, the biogenic silica often accompanied with the black shale may be partly explained by the contribution of silicate shells from the host diatoms.

During OAEs, denitrification should have occurred around the redox boundary in the water column, reducing nitrate to N~2~ through N~2~O. This process removes biologically available nitrogen from the oceanic reservoir, thus potentially decreasing the size of the oceanic biomass. However, N~2~-fixation may have balanced the nitrogen budget in the ocean by compensating for the nitrogen removed by denitrification. On the basis of simulations using an ocean circulation model, this homeostasis in the oceanic nitrogen cycle was operational during OAE 2^[@r116])^ as well as in the modern ocean.^[@r117])^ The balance between nitrate and phosphate as available nutrients could control the photoautotrophic community. Cretaceous OAEs may be representative of geological events in which the environmental system was beautifully regulated by microbial activity.

The trigger for black shale formation
=====================================

A number of hypotheses have been proposed to explain the trigger for black shale deposition. Among them, the occurrence of massive volcanic eruptions associated with the emplacement of 'large igneous provinces (LIPs)' has recently been highlighted as a likely trigger for black shale deposition. LIPs are massive crustal emplacement of predominantly mafic (*i.e.*, Fe- and Mg-rich) rock that was formed by non-plate tectonic processes, and constitute broad areas, generally larger than 10^5^ km^2^.^[@r118]--[@r121])^ Formation of LIPs is thought to be a geological consequence of superplume, a giant hot-rock nucleates rising through the Earth's mantle. The voluminous mafic igneous bodies of LIPs were generally formed over short geological time intervals (less than 1 million years) with anomalously high magmatic fluxes. The locations of the LIPs are shown in Fig. [7](#fig07){ref-type="fig"}. The mid-Cretaceous is a period known as one of the cores of the formation of LIPs such as the Ontong Java, Manihiki, and Hikurangi plateaus (*ca.* 125--120 Ma), the Kerguelen Plateau (*ca.* 117--110 Ma), the Caribbean Plateau (*ca.* 95--85 Ma), and the Madagascar flood basalt (*ca.* 88--85 Ma).^[@r118],[@r119])^

Over the last few decades, a causal linkage between massive volcanism and oceanic change had been repeatedly proposed.^[@r122],[@r123])^ However, the errors associated with the dating of both volcanic rocks and sedimentary sequences (*ca.* 1 million years) hinder the careful inspection of the temporal relationships between these events. Recent progress in our understanding of this topic has been heavily indebted to improvements in analytical instruments that enable precise measurement of the isotopic compositions of heavy metals contained in sediments in only trace amounts. The synchronicity between such massive volcanic eruptions and black shale deposition has been clearly demonstrated, especially by the analysis of the isotopic compositions of lead (^206^Pb/^204^Pb, ^207^Pb/^204^Pb, and ^208^Pb/^204^Pb ratios) and osmium (^187^Os/^188^Os) recorded in sediments.

The stratigraphic variation of lead isotopic composition across the OAE 2 black shale of the central Apennines exhibited a large shift at the boundary between the Bonarelli black shale and the underlying limestone.^[@r89])^ During black shale deposition, the isotopic composition of sedimenting lead was displaced to that of the fields of volcanic rocks from the Caribbean and Madagascar LIPs (Fig. [8](#fig08){ref-type="fig"}). This evidence was further supported by the isotopic measurements of osmium from various sedimentary sequences across the OAE 2 black shales. The osmium isotopic composition showed a clear, negative (*i.e.*, unradiogenic) shift during deposition of the black shale (Fig. [8](#fig08){ref-type="fig"}).^[@r124],[@r125])^ Furthermore, neodymium isotopic evidence confirmed LIP activity during OAE 2 (possibly Arctic rather than the Caribbean).^[@r126])^ These geochemical signatures can best be explained by the deposition of mantle-derived materials supplied by the massive eruptions of either the Caribbean or the Madagascar LIP, both of which formed around OAE 2 (*ca.* 94 Ma). Similar synchronicity between LIP formation and black shale formation was also observed in OAE 1a, another period of global deposition of black shale. As for OAE 2, the lead and osmium isotopic records in the OAE 1a sediments indicated obvious, rapid sedimentation of mantle-derived materials during that time (Figs. [8](#fig08){ref-type="fig"} and [9](#fig09){ref-type="fig"}).^[@r127]--[@r129])^ These geochemical records were ascribed to the massive eruptions associated with the formation of the main body of the Ontong Java Plateau, the largest oceanic plateau on Earth.^[@r130])^

The details of the mechanism by which massive volcanism drove the environmental extremes remains a matter of debate.^[@r131])^ One potential scenario is that global warming caused by volcanic outgassing of greenhouse gases such as CO~2~ enhanced continental weathering, and the subsequent increase in riverine input of nutrients (*e.g.*, phosphorus and iron) to the ocean. This scenario may explain the collapse of the nutrient balance (*i.e.*, enriched in phosphorus and iron, but depleted in nitrogen) in the ocean. Enhanced weathering of the continental crust or LIP basalt at the beginning of OAEs has been suggested by ^87^Sr/^86^Sr records obtained from shallow marine carbonate^[@r132])^ as well as non-traditional stable isotopic compositions such as the ^44^Ca/^40^Ca ratio^[@r133])^ and ^7^Li/^6^Li ratio^[@r134])^ of calcareous sediments. On the basis of numerical simulations, outgassing of 8 × 10^18^ mol CO~2~ is required to induce global anoxia by intensifying continental weathering and increasing the supply rate of phosphate to the ocean.^[@r135])^

In addition to emissions of CO~2~, LIP formation is accompanied by the release of heat, hydrothermal fluid, and volcanic gases such as sulfate. These inputs could potentially have affected the dynamics and chemistry of the ocean and the atmosphere. Hydrothermal activity associated with the large-scale submarine magmatism of LIPs may have been partly responsible for the reduction of dissolved oxygen in the ocean through oxidation of reduced material in hydrothermal effluent.^[@r136])^ Acidification of seawater resulting from addition of sulfate might have been responsible for the mass extinction of oceanic invertebrates.

The eruption process appears to differ between the LIPs associated with OAE 1a and OAE 2. Both the Caribbean and Madagascar LIPs erupted around OAE 2 were emplaced either subaerially or in shallow water, whereas the Ontong Java Plateau, which formed mainly during OAE 1a, erupted mainly in a deep submarine setting. The environmental consequences of LIP formation should be strongly dependent on the eruptive settings of LIPs. Despite many considerations, the mechanism(s) connecting LIP formation and black shale deposition are yet to be elucidated. In addition to collection of further geochemical evidence, climate simulations with a coupled atmosphere--ocean model will be necessary to diagnose the physical connection between LIP formation and oceanic change.

Conclusions and implications
============================

Our current knowledge strongly suggests that the deposition of Cretaceous black shales was associated with changes in the surface-water ecosystem as well as deep-water anoxia. The massive volcanic events associated with LIP formation should have increased the oceanic reservoir of nutrients like iron or zinc, which potentially stimulated the oceanic primary productivity. In contrast, the stratification of the water column during OAEs should have suppressed the nutrient supply from subsurface water to photic zone, which potentially reduced the oceanic production. At this stage we do not have direct evidence indicating which effect overwhelms the other. However, blooms of N~2~-fixers indirectly suggested that the surface water during the OAEs were depleted in nitrate. If this were the case, climate perturbations resulting from massive volcanic events associated with LIP formation induced oligotrophy over wide areas of the ocean, with imbalance of the surface-water nitrate/phosphate ratio caused by water column denitrification. Such an oceanic state would have induced blooms of N~2~-fixers. Such a process is consistent with the consideration that the elevated atmospheric CO~2~ concentration resulting from volcanic activity could have accelerated terrestrial weathering and hence transported more phosphorus to the ocean.^[@r137])^ The massive volcanic events associated with LIP formation would have eventually caused dramatic oceanic environmental change.

Fresh black shales drilled from ocean basins by future IODP explorations will be important for improving our understanding of black shales. In particular, samples from the oxic deep Pacific basin are required to know the global distribution of black shales, which may provide essential information regarding the formation mechanism of black shales.^[@r15])^ It should also be mentioned that the black shales were formed even before the evolution of diatom during Jurassic Period. It is not clear that the symbiosis of diazotrophic cyanobacteria with other planktonic algae was also important for the formation of these black shales. Further studies are required for understanding the mystery of the black shale formation.

As described earlier, Cretaceous black shales are major source rocks of petroleum, which has been critical to our civilization since the last century. If the scenario described in this paper is correct, then the development of our civilization has been supported by solar energy collected and stored in N~2~-fixing cyanobacterial cells whose blooming was ultimately induced by volcanic activity. By borrowing a phrase from Jenkyns,^[@r02])^ we may say that "the cyanobacteria must have colored the paths not only of geological but also of human history".
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![Photographs of black shales. a) A black shale formed during OAE 1a (120 million years ago) cropping out at Permanente quarry, California, U.S.A. b) Livello Bonarelli black shale formed during OAE 2 (94 million years ago) exposed in the central Apennines, Italy. c) A close-up photograph of Bonarelli black shales from the Apennines. The scale bar on the right is in cm.](pjab-91-273-g001){#fig01}

![World map showing the geographic distribution of black shales formed during OAE 2 (94 million years ago). Filled symbols indicate dark-colored, organic-rich sediments with organic carbon content higher than 2 wt %; open symbols indicate organic-poor (\<2 wt %) sediments. The gray areas indicate the land regions at that time. Numbers indicate DSDP (in *italics*), ODP, and IODP drilling sites. Modified from ref. [@r15].](pjab-91-273-g002){#fig02}

![Scanning electron microscopic (SEM) views of organic matter in the Bonarelli black shale (GCB19-2-7), which has a TOC content higher than 20%:^[@r50])^ a) flat-shaped organic matter with a diameter of 5--20 µm and a thickness of less than 1 µm; b) fragmentary material with many spores; and c) sack-shaped material with a diameter of around 10 µm, which commonly contains large pyrite crystals. d) Analytical results from EDS. Note that nitrogen is significantly present only in spec-1 from the flat-shaped organic matter. Field emission SEM-EDS observations were performed with a Hitachi S-4700 equipped with Horiba EX-200 energy dispersion X-ray spectrometry. Measurements were performed under an accelerating voltage of 5--15 kV. The surface of the sample was not coated.^[@r61])^](pjab-91-273-g003){#fig03}

![Partial HPLC chromatogram (photodiode array detector; 390 ± 5 nm) of the Ni geoporphyrin fraction from a black shale sample (Livello Selli, OAE 1a). The geoporphyrin structures illustrated here were identified by nuclear magnetic resonance.^[@r140])^ Two geoporphyrin species, DPEP and 17-nor-DPEP are derived mainly from chlorophyll *a* and chlorophylls *c*, respectively. Details of the analytical procedures and instrumentation used have been described elsewhere.^[@r140])^](pjab-91-273-g004){#fig04}

![Cross-plot of the carbon and nitrogen isotopic compositions of DPEP and 17-nor-DPEP isolated from OAE 1a and OAE 2 black shales collected in the central Apennines, Italy. Details of the analytical procedures and instrumentation used have been described elsewhere.^[@r79],[@r140])^](pjab-91-273-g005){#fig05}

![Depth profiles of the carbon isotopic compositions of total bulk organic carbon and geoporphyrins (DPEP and 17-nor-DPEP) in the Livello Bonarelli black shale for OAE 2. The black shale layer is shaded in yellow.](pjab-91-273-g006){#fig06}

![Phanerozoic global LIP distribution, with transient (plume head) and persistent (plume tail) LIPs indicated in red and blue, respectively. LIPs are better preserved in the oceans where they are not subject to terrestrial erosional processes. Modified from ref. [@r118].](pjab-91-273-g007){#fig07}

![Sedimentary lead isotopic records (^208^Pb/^204^Pb~initial~ *vs.* ^206^Pb/^204^Pb~initial~) around: a) OAE 1a, and b) OAE 2. OAE 1a and OAE 2 records were taken from the sediments collected from Shatsky Rise at ODP Site 1207B^[@r131])^ and the Livello Bonarelli black shale in the central Apennines, Italy,^[@r89])^ respectively. OJP: Ontong Java Plateau, MP: Manihiki Plateau, UCC: Upper continental crust, and MORB: Mid-ocean ridge basalt.](pjab-91-273-g008){#fig08}

![Time-series sedimentary osmium isotopic records (^187^Os/^188^Os) through: a) OAE 1a, and b) OAE 2 sections. OAE 1a and OAE 2 records were taken from the sediments collected from the Livello Selli in the central Apennines, Italy^[@r127])^ and the Demerara Rise at ODP Site 1260B,^[@r124])^ respectively. Shaded areas indicate black shales. The Os isotopic ratio of mantle material is indicated by broken lines.](pjab-91-273-g009){#fig09}

###### 

Compilation of total organic carbon to total nitrogen weight ratio (C/N ratio) of Cretaceous black shales

  Sample               Location             Age                        C/N ratio   n    References
  -------------------- -------------------- -------------------------- ----------- ---- -------------------------------------------
  Livello Bonarelli    North Tethys         93 Ma                      18--32      16   This study
  Thalmann             Central Pacific      116 Ma                     18--43      7    N. Ohkouchi and W. V. Sliter, unpub. data
  DSDP site 367, 368   Northeast Atlantic   Early to Late Cretaceous   21--31      10   [@r63], [@r138]
  DSDP site 530        South Atlantic       Mid Cretaceous             25--40      9    [@r60]
  DSDP site 603        North Atlantic       Late Cretaceous            25--72      7    [@r63], [@r139]

[^1]: (Communicated by Eitaro WADA, M.J.A.)
